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Unfolded protein responseMitsugumin 56 (MG56), also known as the membrane-bound O-acyl-transferase family member
hedgehog acyltransferase-like, was identiﬁed as a new sarcoplasmic reticulum component in stri-
ated muscle. Mg56-knockout mice grew normally for a week after birth, but shortly thereafter
exhibited a suckling defect and died under starvation conditions. In the knockout skeletal muscle,
regular contractile features were largely preserved, but sarcoplasmic reticulum elements swelled
and further developed enormous vacuoles. In parallel, the unfolded protein response was severely
activated in the knockout muscle, and presumably disrupted muscle development leading to the
suckling failure. Therefore, MG56 seems essential for postnatal skeletal muscle maturation.
 2015 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical
Societies. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).1. Introduction
The sarcoplasmic reticulum (SR) is the powerful Ca2+-handling
organelle of muscle cells, and evolutionarily represents a highlyspecialized form of the endoplasmic reticulum (ER). During con-
tractions of striated muscle, the activation of dihydropyridine
receptors/L-type Ca2+ channels (DHPRs) in the transverse (T-)
tubule opens ryanodine receptor channels (RyRs) to trigger SR
Ca2+ release [1]. Such functional coupling between the T-tubular
and SR Ca2+ channels takes place in junctional membrane com-
plexes formed by junctophilins (JPs) i.e. the triad in skeletal muscle
and the diad in cardiac muscle [2–5]. The SR region closely associ-
ated with the T-tubule is called the junctional SR or the terminal
cisternae, and contains abundant JPs and RyRs to control Ca2+
release. The rest of the SR portion, called the longitudinal SR, is
responsible for Ca2+ uptake mediated by enriched SR/ER Ca2+-
ATPase (SERCA). The major SR Ca2+-handling proteins, including
RyRs, SERCA and luminal Ca2+-binding proteins, have been exten-
sively characterized, and such studies have deepened our under-
standing of intracellular Ca2+ stores. However, there are still
many SR components with no functional annotation, and it is also
important to examine such as-yet-unknown proteins in striated
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tein, designated mitugumin 56 (MG56)/hedgehog acyltransferase-
like protein (HHATL), and describe its essential role in the integrity
of the skeletal muscle SR.2. Materials and methods
2.1. Biochemical and immunochemical analyses
All animal experiments were conducted with the approval of
the Animal Research Committee at Kyoto University according to
the regulations for animal experimentation. In the course of
screening new proteins in rabbit muscle microsomes [4–8], we
identiﬁed MG56 as a transmembrane protein localized in the SR.
Rabbit MG56 was enriched in the heavy SR fraction from skeletal
muscle, and further puriﬁed with SDS–PAGE as described pre-
viously [4]. Puriﬁed MG56 transferred onto nylon membranes
(ProBlot, Applied Biosystems) was analyzed using an automated
Edman sequencer (PPSQ-31, Shimadzu, Japan). A cDNA fragment
was ampliﬁed with PCR primers designed based on the mouse
Hhatl sequence data (Accession number, NM_029095). It was used
as a hybridization probe for Northern blotting in adult C57BL
mouse tissues and for library screening to clone the full-length
mouse Mg56/Hhatl cDNA.
Immunochemical analyses were performed essentially as
described previously [4], except that 2 sampling buffer for SDS–
PAGE contained 2% SDS, 8 M urea, 10% 2-mercaptoethanol, 0.01%
bromphenol blue and 40 mM Tris–HCl (pH 6.8) in this study. To
prepare monoclonal antibody against mouse MG56, a synthetic
peptide containing the C-terminal 21 residues was conjugated
with keyhole limpet hemocyanin and injected with adjuvant into
the foot pads of Wister rats. Popliteal lymph node cells were pre-
pared from the rats and fused with NS-1 cells to yield hybridoma
clones producing antibody speciﬁc to MG56. Hybridoma super-
natant was used for immunochemical analysis. Several commercial
and in-house antibodies were also used in this study; anti-RyR
(Thermo Scientiﬁc, MA3-925), DHPR (Sigma–Aldrich, D218),
MG53 [7], JPs [4], SERCA (Thermo Scientiﬁc, MA3-911), triadin
(Thermo Scientiﬁc, MA3-927), TRIC channels [8], Bip/GRP78 (BD
Transduction Laboratories, 610979), GRP94 (Medical & Biological
Laboratories, M181-3), eukaryotic initiation factor 2 (Cell
Signaling, 9721 and Santa Cruz, sc-11386), calumin [6], calse-
questrin (Thermo Scientiﬁc, PA1-913) and Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (Sigma–Aldrich, G9545).
2.2. Generation of knockout mice
The generation of Mg56-knockout mice was carried out as pre-
viously described [9]. For the construction of the targeting vector
(Fig. 3A), Hhatl genomic DNA fragments were ampliﬁed from
C57BL/6 mouse genetic DNA and used for the preparation of the
short and long-arm regions. The linearized vector was transfected
into embryonic stem RENKA cells derived from C57BL/6 mice [10]
and several clones carrying the expected homologous mutation
were selected by PCR and Southern blot analysis. Chimeric mice
generated with the positive clone were crossed with C57BL/6 mice
and transmitted the mutant gene to their pups. To determine the
mouse genotypes, PCR analysis was conducted using Hhatl-1
(GAGTGGACCAGTCTCCTCAGAG) and Hhatl-2 (CTGTCACCGAGGCA
GCTGGCAC) primers.
Histological and ultrastructural analyses were carried out as
described previously [11]. Brieﬂy, mouse tissues were ﬁxed in 3%
paraformaldehyde, 2.5% glutaraldehyde and 0.1 M sodium cacody-
late (pH 7.4). After the tissues were dehydrated and embedded in
Epon, ultrathin sections (80-nm thickness) were prepared andstained with toluidine blue for histological observation or uranyl
acetate and lead citrate for ultrastructural analysis (JEM-200CX,
JEOL). Mouse tissues were also ﬁxed with phosphate buffered sal-
ine containing 3% paraformaldehyde and embedded in Tissue-Tek
OCT compound (Sakura Finetek, Japan) for histological section
preparations.
2.3. Muscle contraction measurements
Extensor digitorum longus (EDL) muscle bundles were dis-
sected from mouse hindlimbs and subjected to isometric tension
measurements as described previously [12]. The muscle prepara-
tion was mounted on a force transducer in a chamber containing
modiﬁed Krebs–Ringer solution (121.9 mM NaCl, 4.7 mM KCl,
2.5 mM CaCl2, 1.2 mM MgCl2, 1.2 mM NaH2PO4, 15.5 mM
NaHCO3 and 11.5 mM glucose) constantly bubbled with 95% O2
and 5% CO2 at 24 C. To induce contraction, ﬁeld stimulation
(10 ms duration) with supramaximal voltage was given at various
frequencies for 10 s, and the developed force was recorded online
using LabChart 7 software (AD Instruments). After each experi-
ment, the muscle bundle was ﬁxed with a 4% paraformaldehyde-
containing saline for microscopic observation; cross sectional area
was determined by confocal microscopy using the accompanying
imaging software (FV-1000, Olympus).
2.4. Cardiac function measurements
The echocardiogram was performed using a 30-MHz micro-
probe (Vevo 2100, Visual Sonics) as described previously [13]. M-
mode images of the interventricular septum were recorded to
measure left ventricular chamber dimensions. The electrocardio-
gram was performed using a radiofrequency transmitter device
(ETA-F20, Data Science International) as essentially described pre-
viously [14]. Transmitter leads were attached to mouse body sur-
faces at clavicular and pelvic regions, and signals were recorded
at 4 kHz and analyzed using the LabChart 7 software.
2.5. Gene expression analysis
Total RNA samples were prepared from mouse tissues using a
commercial kit (Isogen, Nippon Gene, Japan). The RNA prepara-
tions from tibialis anterior (TA) muscle and hearts were subjected
to in vitro transcription and analyzed using the GeneChip Mouse
Genome 430 2.0 (Affymetrix) according to the manufacture’s
instructions; the data obtained have been deposited in the NCBI-
GEO database under accession number GSE64868. To analyze the
detailed expression of ER stress-related genes, mRNA contents
were examined by quantitative RT-PCR as described previously
[14]. To analyze the tissue contents of ER stress-related proteins,
mouse TA muscle was homogenized with a Physcotron (Microtec,
Japan) in a buffer (150 mM NaCl, 1% NP-40, 0.5% Na deoxycholate,
0.1% SDS, 50 mM Tris–HCl, pH 8.0) containing phosphatase inhibi-
tors (10 mM Na pyrophosphate, 100 mM NaF, 17.5 mM b-glyc-
erophosphate, 1 mM Na orthovanadate and 1 mM EDTA) and a
proteinase inhibitor cocktail. The homogenate was centrifuged at
8000g for 10 min, and the resulting supernatant was analyzed
by Western blotting.
2.6. Membrane lipid analysis
Membrane phospholipids were analyzed by the liquid chro-
matography–tandem mass spectrometry (LC–MS/MS) system con-
sisted with a NANOSPACE SI-2 HPLC (Shiseido, Japan) and a TSQ
Quantum Ultra (Thermo Fisher Scientiﬁc) triple quadropole mass
spectrometer equipped with a heated electrospray ionization
source as described previously [15]. To examine lysophospholipids,
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containing internal standards, LPA (17:0) and LPC (17:0). The
extracts were separated by a C18 Capcell Pak ACR column
(Shiseido Ltd.) and subjected to the electrospray ionization MS/
MS spectra acquired in the positive ion mode for LPC or the nega-
tive ion mode for other lysophospholipids. To examine diacylphos-
pholipids analysis, lipids were extracted by 1-butanol containing
internal standards (12:0/12:0 PG, 12:0/12:0 PE, 12:0/12:0 PS,
14:0/14:0 PC). The extracts were separated by a SILICA SG80 col-
umn (Shiseido) and subjected to the MS/MS spectra. The ratio
between the analyte and internal standard peak areas was used
for phospholipid quantiﬁcation.2.7. In vitro acylation assay
To survey MG56-mediated catalytic activity, we designed an
acylation assay by reference to the reported HHAT enzyme reaction
[16]. Recombinant MG56, calsequestrin 2, JP1 and RyR-C (C-term-
inal transmembrane portion of RyR1) [17] were prepared using a
commercial wheatgerm expression system (Cell Free Sciences,
Japan) according to the manufacture’s instructions. Recombinant
MG56 was also expressed in cultured COS7 cells and recovered
in microsomal preparations. The substrate-candidate proteins
were reacted with MG56 in assay mixtures (20 ll) containing
0.05% detergent (Triton-X100 or octyl glucoside), 180 lM
14C-palmitoyl-CoA (American Radiolabeled Chemicals), 0.5 mM
dithiothreitol and 50 mM MES (pH6.5). After incubation at 30 C
for 1 h, the proteins in the assay mixtures were separated on
SDS–PAGE. The gels were stained with Coomassie blue and dried
for ﬂuorography using a bioimaging analyzer (BAS 5000, Fuji,
Japan) to evaluate protein palmitoylation.
3. Results
3.1. Identiﬁcation of muscle-speciﬁc MG56/HHATL
During the course of our screening [6–8], MG56 was identiﬁed
as a new SR protein from rabbit skeletal muscle. Puriﬁed rabbit
MG56 was analyzed with an automated Edman sequencer to yield
the N-terminal sequence of 17 residues (GVKTALPAAELGLYSLV in
one-letter code). The determined sequence is almost identical to
those of the hypothetical HHATL proteins deduced from mouse
and human databases (16/17 identity). Therefore, MG56 corre-
sponds to the rabbit HHATL counterpart. Paying attention to the
primary structure (Fig. 1A), MG56/HHATL contains an MBOAT
(membrane-bound O-acyltransferase) motif and multiple trans-
membrane segments. Among the MBOAT family members, MG56
has high sequence similarity with vertebrate HHAT, and these
proteins form a sub-cluster together with the invertebrate HHAT-
related proteins and yeast Gup proteins, all of which bear no
functional annotations in databases (Fig. 1B).
MBOAT family proteins so far characterized are enzymes
localized to the ER (Fig. 1C). For example, lysophospholipid
acyltransferases (MBOAT1, MBOAT2, MBOAT7 and LPCAT3) and
acyl-CoA:cholesterol acyltransferases (ACAT1 and ACAT2) transfer
fatty acids onto hydroxyl groups of membrane-bound lipids [18].
As additional examples in this family, HHAT, ghrelin O-acyltrans-
ferase (GOAT) and Porcupine (PORCN) contribute to unique post-
translational modiﬁcation in the ER by transferring fatty acids to
the speciﬁc secretory peptides [16,19,20]. Therefore, in the same
manner as other MBOAT family members, MG56 might mediate
fatty acylation in the intracellular membrane (Fig. 1D). However,
the MG56 gene function is unknown, although it has been reported
that MG56/HHATL does not catalyze the fatty acylation of sonic
hedgehog [21].3.2. Junctional SR-resident MG56 in skeletal muscle
Our Northern blot analysis in mouse tissues indicated that
MG56 is predominantly expressed in skeletal and cardiac muscle.
The proposed muscle-speciﬁc expression was further conﬁrmed
by Western blot analysis (Fig. 2A). However, MG56 with a calcu-
lated molecular mass of 56kDa was detected as 40–45-kDa protein
bands, despite the fact that the speciﬁc reactivity of our antibody
was biochemically and histochemically demonstrated by the loss
of the immunosignals in knockout mice (see below sections).
Reason for the multiple MG56 bands was unknown; its highly-hy-
drophobic structure might underlie a couple of denatured con-
formations, alternatively post-translational modiﬁcations, such as
glycosylation and phosphorylation, could result in different
molecular sizes.
In longitudinal sections of mature skeletal muscle, MG56-im-
munoreactivity formed a clear striation-staining pattern at the A-
I junction, suggesting its speciﬁc localization in the triad junction
(Fig. 2B and Supplementary Fig. 1A). By means of sucrose density
gradient centrifugation, muscle microsomes can be separated into
several fractions; low, intermediate and high-density fractions are
enriched in the T-tubule, longitudinal SR and junctional SR, respec-
tively [22]. In this separation process, MG56 was highly enriched in
the junctional SR fraction (Fig. 2C). Moreover, the MG56 and RyR/JP
signals were approximately merged in the immunohistochemical
staining and co-enriched in the membrane preparation.
Therefore, MG56 is speciﬁcally localized in the junctional SR in
mature skeletal muscle.
As is the case for other SR Ca2+-handling proteins, MG56 expres-
sion is highly induced during postnatal development (Fig. 2D), sug-
gesting the possibility that MG56 might exert a muscle-speciﬁc
role together with certain binding partners in the triad junction.
To survey protein–protein interactions, we treated SR membrane
preparations with chemical crosslinkers and examined the migra-
tion shift of MG56. However, Western blotting detected no differ-
ence in mobility before and after crosslinking, indicating that
MG56 exists primarily in a monomeric form in the junctional SR
(unpublished observation).
3.3. Postnatal lethality in Mg56-knockout mice
We constructed a replacement vector to introduce a targeted
deletion in the 50-terminal region of the Mg56 gene and generated
knockout mice on the C57BL/6 genetic background (Fig. 3A–C). The
resulting heterozygous mutant mice were healthy, exhibiting nor-
mal development and reproduction. Cross-breeding between the
heterozygous mutants produced Mg56-knockout neonates with a
Mendelian ratio. Mg56-knockout mice showed regular locomotion
and grew normally during the postnatal lactation period, but
stopped growing approximately on postnatal day 7 (P7) and gradu-
ally lost body weight thereafter (Fig. 3D). All of the knockout mice
were severely debilitated and died within two weeks after birth
(Fig. 3E), even though mother mice engaged in pup-rearing
irrespective of the genotypes.
The weight reduction was most likely due to suckling failure in
Mg56-knockout mice, because their gastric milk contents were
clearly insufﬁcient after P7 (Fig. 4A). Accordingly, blood glucose
and plasma triglyceride levels were severely reduced on P9 and
P11, while circulating ketone bodies and free fatty acids were
remarkably elevated as the knockout mice neared death (Fig. 4B).
Therefore, Mg56 deﬁciency results in a slow death by starvation
during the lactation period. There were no cases of sudden death,
cyanosis, gastro-esophageal reﬂux or behavioral episodes indica-
tive of paralysis/epilepsy detected in the knockout mice, suggest-
ing that cardiac, diaphragmatic and/or neural defects were not
associated with the lethality. Based on these observations, together
Fig. 1. Identiﬁcation of MG56/HHATL in muscle. (A) Sequence alignment of mouse MG56, mouse HHAT, yeast Gup1 and yeast Gup2. The MBOAT motif and putative
transmembrane segments (TM1-8) were tentatively assigned according to a previous report [16]. In the 17 aligned positions marked by asterisks, residues are well-conserved
among the family members [18], and contribute in part to acyltransferase activity in the case of porcupine [35]. Deletions are indicated by gaps (-), and residue numbers are
given on the right-hand sides of individual lines. (B) Phylogenic tree of MG56-related proteins. Homology searches of MG56 in public databases yielded MG56-related
proteins encoded in the yeast (y), invertebrate (fruit ﬂy, d; nematode, n) and mammalian (mouse, m; human, h) genomes. Sequence data were analyzed using the Clustal W
software (DDBJ, http://www.ddbj.nig.ac.jp/index-j.html), and the scale bar indicates substitution per aligned site. (C) Mammalian MBOAT family members. The primary
structures of the mouse family members were analyzed using the Clustal W algorithm to yield the phylogenetic tree. Lipid and peptide substrates are listed in the catalytic
reactions mediated by the family members. (D) Schematic representation of the proposed MG56 catalytic activity in muscle SR.
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skeletal muscle dysfunction leading to suckling failure.
3.4. Vacuole formation in Mg56-knockout muscle
We morphologically analyzed skeletal muscle in Mg56-knock-
out mice. In thigh muscle from P5 Mg56-knockout mice, the sec-
tioned proﬁles of SR elements appeared to be dilated in
considerable portions (Fig. 5A). The percentage of muscle ﬁbers
containing such swollen elements was moderate (11.6 ± 5.4%,
n = 4 mice) in P5 knockout mice, but the SR dilation broadened
and became more prominent so as to generate spherically
extended vacuoles in P7 knockout mice (45.6 ± 12.4%, n = 3 mice).
Small SR vacuoles were predominantly detected near the Z-line
(Fig. 5A–C), indicating that SR swelling starts in the I-band region.
These swollen elements most likely expand and further distort the
normal SR architecture, since enlarged vacuoles extensively devel-
oped, whereas regular SR elements disappeared in most of the P9
knockout ﬁbers. Furthermore, the enlarged vacuoles appeared to
fuse together to generate enormous vacuoles, radiating outward
from the Z-line region, encompassing the sarcomere andsurrounding myoﬁbrils (Fig. 5F–H). Therefore, Mg56 deﬁciency
results in SR swelling and further disrupts the SR network in skele-
tal muscle (Fig. 5I). Fast and slow-twitch muscle ﬁbers can be
roughly assigned by reference to the Z-line thickness [23], but
regardless of the ﬁber type, SR dilation was evenly distributed.
Although triad formation was actively ongoing at the early lacta-
tional stages, no morphological abnormalities were detected in
the triad junction or T-tubule in the knockout muscle, indicating
that MG56 has no architectural role in muscle-speciﬁc junctional
membrane structures.
Within the swollen SR observed in the P5 and P7 knockout mice,
electro-dense deposits were frequently detected (Fig. 5D), and
were revealed to be ‘‘myelin ﬁgures’’ (lipid-rich multilamellar
structures) in high magniﬁcation images (Fig. 5E). Such lipid-rich
deposits were not detected in the control SR of wild-type muscle.
In the enlarged vacuoles of the P9 knockout muscle, we occasion-
ally detected linear lipid aggregates that may be excessive mem-
branes collaterally generated by fusion between vacuolated SR
elements (Fig. 5F). Interestingly, electron-dense materials includ-
ing myelin ﬁgures and soluble proteins were essentially absent
from the enlarged vacuoles in the knockout muscle. Within these
Fig. 2. Biochemical characterization of MG56. (A) Western blot analysis of mouse tissue microsomes using antibody speciﬁc to MG56. Total microsomal proteins from mouse
tissues (5 lg protein/lane) were separated by SDS–PAGE and Coomassie staining (left panel), and also subjected to immunoblot analysis using antibody speciﬁc to MG56
(right panel). Bip and Na-K pump (Na/K-P) were also detected as loading markers. (B) Immunohistochemical detection of MG56 in mouse skeletal muscle. A longitudinal
section was stained with antibodies to MG56 and RyR, and subjected to confocal microscopic observation. Scale bar, 10 lm. (C) Distribution of MG56 in muscle membrane
preparations. Total microsomal (TM), T-tubular (TT), light SR (LSR), intermediate SR (ISR) and heavy SR (HSR) fractions were prepared from mouse skeletal muscle. The
membrane preparations (5 lg/lane) were analyzed by SDS–PAGE and Coomassie staining (left panel), and also subjected to immunoblot analysis using antibodies speciﬁc to
MG56 and maker proteins (right panel). RyRs (RyR1 and RyR3) and JP1 are heavy SR markers, while caveolin-3 (Cav3) and MG53 are T-tubular markers. (D) Postnatal MG56
expression. Total muscle microsomes were prepared from mice at various developmental stages, from neonates (P0) to 27-week-old mice (27W). Microsomal proteins were
analyzed by Western blotting using antibodies speciﬁc to MG56, RyRs, DHPR, JP1, triadin, SERCA1, TRIC-A and BiP/GRP78.
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domly degraded leading to osmotic imbalance and organelle
dysfunction.
3.5. Disrupted development of contractility in Mg56-knockout muscle
Light microscopy also detected the formation of the SR vacuoles
in Mg56-knockout muscle ﬁbers (Fig. 6A). In extensor digitorum
longus (EDL) bundles from the knockout mice, 25% of the muscle
ﬁbers contained the SR vacuoles on P7, and further enlarged vac-
uoles were observed in >70% of ﬁbers on P9. No differences in
the vacuolar characteristics were detected before and after fati-
gue-induced electrical stimuli in the knockout muscle, suggesting
that vacuolar development is not dependent on SR Ca2+ cycling
(Fig. 6B). Meanwhile, the triad junction contains a set of signaling
proteins to convert depolarization into the intracellular Ca2+ signal
for muscle contraction. Western blot analysis demonstrated that
the major components for excitation–contraction coupling, includ-
ing RyR, DHPR, SERCA and JP, were normally expressed in Mg56-
knockout muscle (Supplementary Fig. 1B).
A major SR function is Ca2+ handling, and the loss of Ca2+-han-
dling proteins often leads to SR swelling in striated muscle
[9,11,24]. Thus, we next focused on the contractility of Mg56-
knockout EDL muscle to survey any irregular SR Ca2+ handling
(Fig. 6C–E). Assuming that Mg56 deﬁciency might affect SR Ca2+
handling, impaired Ca2+ release and/or storage would primarily
affect the force-frequency relationship, while decelerated Ca2+uptake would directly expand the relaxation phase after contrac-
tion. Of course, these functional abnormalities are not independent
and would be expected to interact synergistically; for example,
prolonged relaxation above a threshold level facilitates force sum-
mation during tetanic stimuli so as to indirectly affect the force-
frequency relationship. In EDL bundles from P7 Mg56-knockout
mice, apparently normal contractile responses were evoked by
electrical stimuli, while the half relaxation time of twitch contrac-
tion was slightly extended, suggesting weakened Ca2+ uptake.
However, the proposed impairment of Ca2+ uptake seems function-
ally minimal, because the knockout muscle retained a normal
force-frequency relationship. These observations indicate that
Mg56 deﬁciency does not severely damage SR Ca2+-handling in
P7 muscle. However, in the P9 knockout muscle, in addition to pro-
longed relaxation, severe impairment of force generation was
observed; the force-frequency relation was shifted downward
without any accompanying altered qualitative characteristics com-
pared with control. From a different viewpoint, muscle contractil-
ity during P7-9 was remarkably enhanced in wild-type mice, but
marginally reduced in the knockout mice. Therefore, in the P9
knockout EDL bundles, the weakened tension seems to reﬂect dis-
rupted development as well as dysfunctioning SR Ca2+ handling in
the vacuole-containing ﬁbers.
Compared with the contractile and morphological abnormali-
ties, SR swelling clearly precedes the contractile impairment in
Mg56-knockout skeletal muscle. The set of muscles controlling
milk suckling might also start to reduce their contractile efﬁciency
Fig. 3. Generation ofMg56-knockout mice. (A) Homologous recombination at theMg56 locus. The restriction maps of the wild-type allele, targeting vector and mutant allele
are illustrated. The exons, the neomycin resistance gene (neo), and the thymidine kinase gene (TK) are indicated by the boxes. For Southern blot detection of the homologous
recombination, genomic DNAs from embryonic stem cells were digested with the restriction enzyme Avr II and examined using the hybridization probe indicated. For PCR
genotyping, genomic DNA preparations were ampliﬁed using the primer set indicated by arrows. (B) Detection of mutant gene in PCR. Genomic DNA preparations were used
as templates, and the ampliﬁed DNA fragments were analyzed on an agarose gel; the products derived from the wild-type and mutant allele are indicated. (C) Western blot
analysis of MG56 in skeletal muscle. Total microsomal proteins from mouse hindlimbs were separated by SDS–PAGE and analyzed with antibodies against MG56 and
calsequestrin subtypes (CSQ1 and CSQ2). (D) Postnatal body weight change in Mg56-knockout mice. The data represent the mean ± S.E.M. Statistical differences between the
genotypes are marked with asterisks (⁄⁄P < 0.01 in t-test). (E) Postnatal survival rate in Mg56-knockout mice. The numbers of mice examined are shown in parentheses.
Fig. 4. Suckling defect and malnutrition in Mg56-knockout mice. (A) Insufﬁcient stomach milk contents in Mg56-knockout mice. Representative stomach images were taken
from the P5-11 knockout mice, and the dissected stomachs were weight-checked. The stomachs from infant mice exhibit milky color, but insufﬁcient milk contents were
observed in the knockout mice after P7. Scale bar, 2 mm. (B) Starvation state detected by blood tests inMg56-knockout mice. The blood samples collected were directly used
for glucose measurement. After blood cell separation, the recovered plasma samples were biochemically tested for triglyceride, ketone body and non-esteriﬁed fatty acids
(NEFA). The data represent the mean ± S.E.M., and the numbers of mice examined are shown in parentheses. Statistical differences between the genotypes are indicated with
asterisks (⁄⁄P < 0.01 in t-test).
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Fig. 5. SR dilation and vacuole formation in Mg56-knockout muscle. The T-tubule and triad junction were normally formed in Mg56-knockout muscle, however, SR swelling
was frequently detected on P5 (A) and became more frequent afterwards. The SR dilation seemed to start at the I-band SR, because small vacuoles were predominantly
detected in the vicinity of the Z-line (B). In the statistical analysis of the P7 knockout mice (n = 3), small vacuoles (0.1–0.3 lm in diameter, >244 vacuoles in each mouse) were
predominantly detected to the I-band site (C). The data represent the mean ± S.E.M. Electron-dense deposits were occasionally observed in dilated SR elements in the P5 and
P7 knockout mice (D) and assigned as myelin ﬁgures on high-magniﬁcation observation (E). Dilated SR elements probably fused together to further develop into enlarged
vacuoles (F). Enormous vacuoles encompassing sarcomere units were frequently observed in the P9 knockout muscle regardless of the ﬁber type; fast (G) and slow (H) muscle
ﬁbers were tentatively assigned based on the Z-line thickness. Scale bars, 1 lm in A, F, G and H; 500 nm in D; 200 nm in B; 100 nm in E. (I) Proposed scheme for vacuole
generation and development in Mg56-knockout muscle.
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the working muscles develop SR vacuoles in the knockout mice.
Meanwhile, we also focused on the hearts in the P9 knockout mice.
In contrast to the drastic defects in the knockout skeletal muscle,
both morphological and functional features were largely main-
tained in the knockout heart, as assessed by microscope, echocar-
diography and electrocardiography (Supplementary Fig. 2).
Therefore, it is unlikely that cardiac defects directly contributes
to the suckling defect and lethal phenotype in the knockout mice.
3.6. ER stress in Mg56-knockout muscle
To roughly survey altered gene expression in Mg56-knockout
muscle, total RNA preparations from lower limb muscle were sub-
jected to gene microarray analysis. Data comparison between the
genotypes indicated that an extensive set of transcripts with the
‘‘ER stress’’ annotation were upregulated in the knockout muscle
(Supplementary Fig. 3). Based on this observation, together with
the fact that unfolded protein response (UPR) is often accompanied
by ER dilation in various cell types [25–27], we next focused on ER
stress in the knockout muscle. Various types of ER stress stimulate
three major UPR pathways respectively mediated by ATF6 (activat-
ing transcription factor 6), IRE1a (inositol-requiring enzyme 1a)
and PERK1 (protein kinase RNA-like ER protein kinase 1) [26].
The downstream effect of the UPR pathways is the induction of
ER stress-related genes; for example, ATF6 activation induces
Grp94 (94-kDa glucose-regulated protein) and Bip/Grp78 (78-kDa
chaperone of the HSP70 family), while Erdj4/Mdg1 (DnaJ family
ER chaperone) and Asns (asparagine synthase) are induced under
IRE1a and PERK1 activation, respectively. Quantitative RT-PCR
analysis using RNA preparations from hind-limb tibialis anterior
(TA) muscle clearly indicated that all of UPR pathways were highly
activated in Mg56-knockout muscle during P7-P9 (Supplementary
Fig. 4). In contrast, the upregulation of ER stress-related geneexpression was rather modest in the knockout diaphragm and
essentially negligible in the knockout heart. Moreover, in wild-type
mice treated by starvation, TA muscle maintained normal expres-
sion of the UPR-related genes. Therefore, Mg56 deﬁciency seems
to preferentially activate ER stress-induced UPR in working muscle
during the lactation period.
IRE1a activation under ER stress enhances its intrinsic RNase
activity, which converts the unspliced form of X box-binding pro-
tein 1 mRNA (XBP1u) into the spliced form (XBP1s) to produce
an active transcription factor [28]. RT-PCR clearly detected signiﬁ-
cant XBP1s generation in Mg56-knockout muscle (Fig. 7A). In cells
undergoing ER stress, activated PERK phosphorylates the eukary-
otic initiation factor eIF2a to inhibit cellular protein synthesis
[25]. The knockout muscle abundantly contained the phos-
phorylated form of eIF2a, and also exhibited increased expression
levels of GRP94 and BiP (Fig. 7B). These observations conﬁrmed the
activation of the three major UPR pathways in Mg56-knockout
muscle. In addition, several proteins involved in the ER-associated
degradation (ERAD) pathway, such as Erdj4 and Derl3, are induced
upon severe stress to resolve ER-luminal components in a non-
speciﬁc manner [27]. RT-PCR clearly detected upregulated expres-
sion of Erdj4 and Derl3 in the knockout muscle (Supplementary
Fig. 4), suggesting that activated ERAD takes part in the generation
of the empty SR vacuoles (Fig. 5F–H). The biochemical data, taken
together, suggest that postnatal muscle maturation is disrupted
under UPR and ERAD-activated conditions inMg56-knockout mice.
4. Discussion
During postnatal development in skeletal muscle, T-tubular
extension and triad formation take place in parallel, and the long-
itudinal and junctional SR compartments also undergo extensive
maturation processes [3]. In this report, we have identiﬁed
MG56/HHATL as a new component of the junctional SR (Figs. 1
Fig. 6. Diminished contractile ability inMg56-knockout muscle. (A) Histological detection of vacuole-positiveMg56-knockout EDL muscle ﬁbers. EDL bundles were ﬁxed and
stained with toluidine blue for microscopic observation. Scale bar, 10 lm. (B) Population of vacuole-containing ﬁbers in Mg56-knockout EDL bundles. EDL bundles were
treated with or without fatigue-induced electrical stimuli (15 Hz for 10 min  2) for the analysis. The data represent the mean ± S.E.M., and the numbers of mice examined are
shown in parentheses. The rate of vacuole-positive ﬁbers is signiﬁcantly different between the P7 and P9 bundles (⁄⁄P < 0.01), although the increased tendency of vacuole-
positive ﬁbers upon fatigue-induced stimuli is not signiﬁcant. (C) Isometric tension monitoring inMg56-knockout EDL muscle. Representative recording data from P7 and P9
mice are shown. (D) Force-frequency relationship inMg56-knockout and wild-type EDL muscle. The developed contractile responses were normalized to cross sectional area
(CSA) in each muscle bundle. The P7 knockout muscle retained an apparently normal force-frequency relationship. In the P9 knockout muscle, contractile responses were
reduced overall, and the force-frequency curve was shifted downward. (E) Prolonged relaxation phase in Mg56-knockout EDL muscle. The half-relaxation time was analyzed
in the twitch responses. The data represent the mean ± S.E.M., and the numbers of muscle bundles examined are shown in parentheses. Statistical differences between the
genotypes are indicated with asterisks (⁄P < 0.05, ⁄⁄P < 0.01 in t-test). It was very difﬁcult to prepare the intact specimens, because EDL muscle was immature and fragile in the
suckling mice. Accordingly, some EDL bundles exhibited blunt and weak responses in contraction recording, likely due to artiﬁcial handling damages. For each experimental
group, the specimens developing weak twitch responses that ranked in the bottom 30% (P7 WT, 4/12; P9 WT, 2/9; P7 KO, 4/12; P9 KO, 3/10) were eliminated for the
statistical analysis.
Fig. 7. Biochemical detection of UPR activation in Mg56-knockout muscle. (A) Induction of XBP1 mRNA splicing in Mg56-knockout muscle. Total RNA preparations from P9
muscle and heart muscle were subjected to RT-PCR to amplify DNA fragments derived from both the unspliced form (XBP1u, 234 bp) and the spliced form (XBP1s, 208 bp).
The resulting fragments were analyzed by acrylamide gel electrophoresis. (B) Elevated UPR-related protein contents in Mg56-knockout muscle. Total lysates from P9 TA
muscle were examined by Western blotting using antibodies against UPR marker proteins. GAPDH was analyzed as an internal control. p-eIF2a, phosphorylated form of
eIF2a.
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development during the suckling stages (Figs. 3 and 4). The evi-
dence also shows that progressive SR swelling (Fig. 5) probably
underlies UPR activation in Mg56-knockout muscle (Fig. 7).
Although the knockout muscle exhibited a slow relaxation phase
before developing severe contractile impairment (Fig. 6), it is unli-
kely that the junctional SR-resident MG56 directly modulates the
Ca2+-pumping activity of the longitudinal SR. The weak relaxationmay have been caused by impaired SR Ca2+-handling functions
indirectly induced under ER stress conditions. Based on our data,
Mg56 deﬁciency seems to stimulate ER stress-induced UPR, and
thus disrupts postnatal development of working skeletal muscle
leading to the progressive suckling failure and malnutrition. On
the other hand, despite its speciﬁc residency in the junctional SR,
MG56 has no evident role in triad formation or excitation–contrac-
tion coupling.
B. Van et al. / FEBS Letters 589 (2015) 1095–1104 1103In Mg56-knockout muscle, we observed SR swelling as a com-
mon ultrastructural feature in ER stress-bearing cells, and also
detected obvious UPR activation. It has been established that ER
stress is induced by the perturbation of membrane lipid com-
position, as well as by the accumulation of unfolded proteins
[25–30]. Meanwhile, the known MBOAT family members are
enzymes mediating fatty-acylation, and therefore, MG56 may cat-
alyze acylation in lipid or protein substrates (Fig. 1D). If lyso-phos-
pholipid species were substrates in the presumed MG56-mediated
reaction, a dramatic change in SR lipid composition would be
expected during postnatal muscle maturation. Additionally, the
myelin ﬁgures detected in the swollen SR (Fig. 5E) might be irregu-
larly generated from the abnormal lipid composition. However, our
LC–MS/MS analysis detected no signiﬁcant changes in the major
phospholipid contents between muscle microsomes from P9
Mg56-knockout and wild-type mice (Supplementary Fig. 5).
Therefore, at present we cannot predict lipid candidates for
MG56 substrates. Conversely, assuming that MG56 can mediate
acylation of an SR protein, knockout mice lacking MG56 and its
substrate might develop similar pathophysiological phenotypes.
Among the genes encoding junctional SR proteins, Ryr1 and Jph1
are known as lethal genes at perinatal stages [5,9]. However,
knockout mice of both these genes develop fatal impairment in
SR Ca2+ release. In contrast, regular functioning SR Ca2+ stores were
largely maintained in P7Mg56-knockout muscle (Fig. 6). Moreover,
we failed to detect MG56-mediated acylation of RyR1, JP1 and
calsequestrin 2 in our in vitro enzyme assay using recombinant
proteins (Supplementary Fig. 6). Currently, the proposed catalytic
activity of MG56 remains to be resolved.
Although we detected no cardiac abnormalities inMg56-knock-
out suckling infant mice, MG56 probably has the same function in
both skeletal and cardiac muscle. However, preferential swelling of
the I-band SR is considered to be the initial phenotypic mani-
festation detected in Mg56-knockout muscle (Fig. 5A–C), so it
may provide important clues regarding the role of MG56.
Although fundamental Ca2+-handling functions are shared by the
I-band and A-band SR compartments, there are a few reports sug-
gesting certain functional differences between them. On the basis
of the sarcomere structure, the I-band SR straddles the Z-line and
forms a junctional structure with the Z-disk, designated the ‘‘Z-
tubule’’ [31]. The I-band SR likely contains abundant inositol
trisphosphate receptors and seems to preferentially attach to
mitochondria [32,33]. Moreover, the Sec23-positive and Ca2+-de-
pendent ER exit site to the Golgi complex is most likely associated
with the I-band SR, while the rough ER lacking the export function
seems to merge with the A-band SR [34]. Perhaps these compart-
ment-speciﬁc functions are gradually established during postnatal
maturation, but such processes might be disrupted inMg56-knock-
out muscle. For example, it is plausible that a certain acyl-protein
produced through MG56-mediated reaction would support pro-
posed SR-Golgi trafﬁcking in mature muscle. Alternatively, by com-
mitting to lipid metabolism, MG56 might improve a membrane
environment favorable to the functioning of inositol trisphosphate
receptors and to efﬁcient assembling of the Ca2+-dependent exit
sites to the Golgi. In either of these cases, Mg56 deﬁciency would
inhibit protein trafﬁcking residing in the I-band SR leading to ER
stress-induced UPR activation. The present study predicts that
MG56 contributes to an as-yet-unknown physiological mecha-
nism, and future studies are required to deﬁne the molecular func-
tion of MG56 by comprehensively analyzing the knockout mice.
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